We present results on searches for gamma-ray counterparts of the LIGO/Virgo gravitational-wave events using CALorimetric Electron Telescope (CALET) observations. The main instrument of CALET, CALorimeter (CAL), observes gamma-rays from ∼ 1 GeV up to 10 TeV with a field of view of nearly 2 sr. In addition, the CALET gamma-ray burst monitor (CGBM) views ∼3 sr and ∼ 2π sr of the sky in the 7 keV -1 MeV and the 40 keV -20 MeV bands, respectively, by using two different crystal scintillators. The CALET observations on the International Space Station started in October 2015, and here we report analyses of events associated with the following gravitational wave events: GW151226, GW170104, GW170608, GW170814 and GW170817. Although only upper limits on gamma-ray emission are obtained, they correspond to a luminosity of 10 49 ∼ 10 53 erg s −1 in the GeV energy band depending on the distance and the assumed time duration of each event, which is approximately the order of luminosity of typical short gamma-ray bursts. This implies there will be a favorable opportunity to detect high-energy gamma-ray emission in further observations if additional gravitational wave events with favorable geometry will occur within our field-of-view. We also show the sensitivity of CALET for gamma-ray transient events which is the order of 10 −7 erg cm −2 s −1 for an observation of 100 s duration.
erg s −1 in the GeV energy band depending on the distance and the assumed time duration of each event, which is approximately the order of luminosity of typical short gamma-ray bursts. This implies there will be a favorable opportunity to detect high-energy gamma-ray emission in further observations if additional gravitational wave events with favorable geometry will occur within our field-of-view. We also show the sensitivity of CALET for gamma-ray transient events which is the order of 10 −7 erg cm −2 s −1 for an observation of 100 s duration.
INTRODUCTION
The discovery of gravitational-wave (GW) events using laser interferometers by the LIGO and Virgo Scientific Collaborations (Abbott et al. 2016a ) was an epoch-making development following the prediction of the existence of gravitational waves by Einstein (1916 Einstein ( ,1918 a hundred years earlier. GW events are thought to be produced in the last stage of merging compact binaries, and electromagnetic counterparts of these events have been extensively discussed by many authors. Merging neutron star -neutron star (NS-NS) binaries and neutron star -black hole (NS-BH) binaries are thought to emit significant amount of electromagnetic radiation (e.g. Phinney (2009); Rosswog (2015) ; Fernández and Metzger (2016) ), while it is often assumed that gravitational-wave events resulting from the merger of stellar-mass black holes are unlikely to produce electromagnetic counterparts (e.g., De Mink and King (2017) ).
Since the study of GW events is in the early stages, it is needless to say that the multimessenger approach is exceedingly important in order to understand the nature of the production mechanisms. Especially, mergers of NS-NS binaries are hypothesized to be a possible origin of short gamma-ray bursts (sGRBs) (e.g. Pacynski (1986) ; Goodman (1986) ; Eichler et al (1989) ; Narayan et al. (1992) ; Mochkovitch et al. (1993) ) and thus the observation in the gamma-ray energy region is essential to understand the connection between sGRBs to GW events.
We summarize the characteristics of six GW events during the first and second advanced LIGO-Virgo observing runs in Table  1 with inferred parameters. We then report the analysis of CALET/CAL observations corresponding to these gravitational events (except GW150914, which occurred before the start of CALET operations) in the gamma-ray energy region as briefly summarized in Table 1 . We require that a track should cross the CHD (full area) and have at least a minimum path length in the TASC (see Cannady et al. ( , 2018 for details).
OBSERVATION AND ANALYSIS

CALET observation
The CALorimetric Electron Telescope (CALET) mission (Torii et al. 2015) was launched and placed on the Japanese Experiment Module-Exposed Facility of the International Space Station (ISS) in 2015 August. At the LIGO trigger time of GW150914, CALET was in its commissioning phase and no observational data were available. It was fully functional at the trigger times of GW151226, GW170104, GW170608, GW170814, and GW170817.
There are two scientific instruments onboard CALET: (1) The Calorimeter (CAL), the main instrument, is a 30 radiation length deep calorimeter which can observe high-energy lectrons in the energy range ∼ 1 GeV -∼ 20 TeV, protons, helium, and heavy nuclei in the energy range ∼ 10 GeV -∼ 1000 TeV and gamma-rays in the energy range ∼ 1 GeV -∼ 10 TeV. The field of view (FOV) of CAL extends to ∼ 45
• from the zenith direction. For gamma rays, the energy resolution and the angular resolution are estimated as 3% and 0.4
• , respectively, at 10 GeV (Mori et al. 2013; Cannady et al. , 2018 . CAL consists of three main components: the CHarge Detector (CHD), the IMaging Calorimeter (IMC), and the Total AbSorption Calorimeter (TASC) (Figure 1 ). CHD is made up of a set of X and Y-direction arrays of 14 plastic scintillator paddles (32 mm × 10 mm × 450 mm); IMC is composed of 8 layers of X-and Y-direction arrays of 448 scintillation fibers (SciFi, 1 mm × 1 mm × 448 mm) separated by tungsten plates with a total thickness of 3 radiation lengths (X 0 ); and TASC is made of 6 layers of X-and Y-arrays of 16 lead tungstate (PbWO 4 or PWO) scintillation crystals (19 mm × 20 mm × 326 mm) with a total thickness of 27 X 0 . (See Asaoka et al. (2017) for details.) The performance of CAL for gamma rays and initial results for steady gamma-ray sources are described in Cannady et al. ( , 2018 . (2) A companion instrument, the CALET Gamma-ray Burst Monitor (CGBM), monitors gammaray bursts (GRBs) using two different kinds of crystal scintillators (LaBr 3 (Ce) and Bi 4 Ge 3 O 12 (BGO)) to cover a wide energy range (7 keV -20 MeV) (Yamaoka et al. 2013) . Results from CGBM are presented separately (Yamaoka et al. 2017) .
We use two trigger modes of CAL for gamma-ray analysis: a low-energy gamma-ray (LE-γ) mode with an energy threshold ∼ 1 GeV used at low geomagnetic latitudes and following a CGBM burst trigger, and a high-energy (HE) mode with a threshold ∼ 10 GeV used in normal operation for all particles irrespective of geomagnetic latitude (Asaoka et al. 2018) . Around the trigger time of GW151226, between 03:30 and 03:43 UT, CAL was collecting regular scientific data under the LE-γ mode. The high voltages supplied to photomultipliers of CGBM detectors were set at the nominal values around 03:22 UT and turned off around 03:43 UT to avoid a high background radiation area. No CGBM on-board trigger was generated at the trigger time of GW151226. For other GW events (GW170104, GW170608, GW170814 and GW170817), CAL was collecting data in the HE mode since the ISS was in the high latitude region in its orbit. First results on the analysis of GW151226 have already been published (Adriani et al. 2016) , and here we describe results with a refined analysis. We also give results on the comprehensive analysis of the CAL data for these four later events.
Analysis of gamma-ray events in CALET/CAL
The selection process of gamma-ray events used for the HE mode is essentially the same as described in Mori et al. (2013) . For the LE-γ mode the selection and analysis are fully described in Cannady et al. ( , 2018 . Here we summarize the procedures briefly.
Offline trigger -In order to remove the effects of variation in the hardware trigger threshold and gains in the flight data sample, energy deposit thresholds higher than those nominally applied by the hardware trigger are imposed off-line both for LE-γ and HE modes.
Tracking -Event tracks are reconstructed for the HE mode using the EM track algorithm (Akaike et al. 2013 ) developed for the electron analysis which is a powerful method for reconstructing electromagnetic showers. For the LE-γ mode we use the CC track algorithm (Cannady et al. , 2018 optimized for photons with energies below 10 GeV. It begins by finding clusters of hit fibers in the three bottom layers of IMC separately for the X and Y-projections and extending the candidate tracks to the upper layers of IMC. The trajectory with the highest total energy deposit is selected. In the HE mode, contained events passing through the CHD with track lengths in TASC in excess of 26.4 cm are subjected to further analysis; in LE-γ mode, in order to maximize the FOV, we select well contained events whose tracks satisfy more sophisticated geometrical conditions (Cannady et al. , 2018 .
Shower shape/hadronic rejection -Low energy gamma-ray events can be mimicked by albedo (i.e. upward moving) secondary charged pions from hadronic interactions in the calorimeter or the support structure. These events are vetoed by requiring that more energy be deposited in the bottom IMC layer than in the layer where pair conversion occurs. Further rejection of events with showers not consistent with a pure electromagnetic cascade is provided by a cut on the IMC concentration, which uses the lateral spread of the energy deposit distribution in the lower layers of IMC.
In order to reject hadronic events we utilize the K parameter defined as
where F E is the fractional energy deposit in the bottom TASC layer with respect to the total energy deposit sum in the TASC and R E is the second moment of the lateral energy deposit distribution in the top layer of TASC. This method is developed for the derivation of the electron flux and is designed to exploit the larger spread and slower development of proton showers due to penetrating secondary pions (Adriani et al. 2017 ).
Zero charge identification -In order to select events consistent with zero primary charge, cuts are made on the energy deposits in CHD and upper IMC layers. These requirements are designed to veto charged particle events effectively. We require one of three filters utilizing CHD and upper IMC layers (see Cannady et al. ( , 2018 for detail).
In addition, as described in detail in Cannady et al. ( , 2018 , we have to reject gamma-ray candidate events which are generated in the ISS structures such as the Japanese Experiment Module) to remove events generated in interactions of cosmic rays with these structures, which create gamma-ray event clusters clearly seen in our FOV. After these selections, incident gammaray energies are derived from the deposited energies based on Monte Carlo simulations, pre-flight accelerator calibrations, and in-flight non-interacting penetrating particle events.
Based on the CALET simulation studies (Mori et al. 2013; Cannady et al. , 2018 , the gamma-ray efficiency reaches its maximum around 10 GeV with an efficiency of 48% relative to an area of the TASC top layer (excluding a 1.9 cm margin around the outside) for normal incidence, after applying the event selections described above. This figure is to be compared with a pair creation probability of 54% in 1 radiation length, which is approximately the thickness required to be tracked in at least 3 layers in IMC, and implies a high efficiency in the gamma-ray event reconstruction and selection processes. The effective areas for four ranges of incident angles are shown in Figure 2 as a function of gamma-ray energy.
The GeV sky is rather bright along the Galactic plane due to the Galactic diffuse gamma-ray radiation with Galactic and extragalactic individual sources, and there is a residual all-sky emission component called the isotropic diffuse gamma-ray background. These gamma-rays are a source of background in a search for gamma-ray emission associated with GW events. The expected number of background events in the time window used in our search was calculated using a prediction based on the Fermi LAT Pass 8 measurements 1 . As shown by Cannady et al. ( , 2018 , the CALET measurement is in reasonable agreement with the LAT result.
The upper limit of the CAL observation in the time windows is estimated as follows: First, we calculate the effective area as a function of gamma-ray energy, and the resultant energy-dependent exposure map in the time window for the corresponding energy region depending on the trigger mode (LE-γ or HE). In the case of a null event, we estimate the upper limit on the gammaray flux corresponding to 2.44 events (the 90% confidence limit for a null observation) assuming a power-law spectrum with a single photon index of −2 by using the calculated exposure map. The photon index, −2, is taken as a typical value for Fermi-LAT GRBs in the GeV energy range (Ackermann et al. 2013 ).
GW151226
2
We searched for gamma-ray events associated with GW151226 using the CAL data in the time window [T 0 − 525 s, T 0 + 211 s] around the LIGO trigger time (T 0 ), the time period when the CAL was operational in the LE-γ mode with an energy threshold of 1 GeV. We analyzed the full length of this window in order to perform the most sensitive search possible with increased statistics.
Expected number of contaminated background gamma-rays is small because the searched area of the sky for the GW151226 counterpart is significantly apart from the Galactic plane. In fact, the number of expected background evens is 0.051 in this time window for the sky region covering 25% of the summed LIGO probabilities; i.e., the CAL observation is almost backgroundfree for such a short time period. No candidates were found in this time window and sky region, resulting in an upper limit is calculated as described in the previous section. Figure 3 shows the sky map of the 90%-confidence-level upper limit on the gamma-ray flux. The estimated upper limit is 9.3 × 10 −8 erg cm −2 s −1 (90% C.L.) in the 1 -10 GeV region where the coverage of CAL reaches 15% of the integrated LIGO probability (∼ 1.1 sr). If we enlarge the sky region to contain 25% of the LIGO integrated probability, the upper limit is 2.8 × 10 −7 erg cm −2 s −1 in the same energy region. The luminosity upper limit set by CAL is estimated as 2.3 (6.8) × 10 48 erg s for the LIGO integrated probabilities in the CAL FOV at the level of ∼ 15%.
GW170104
For the time period around the trigger time (T 0 ) corresponding to GW170104, CAL was running in the HE mode with an energy threshold of 10 GeV. Gamma-ray events have been searched for using the CAL data in the time window [T 0 − 60 s, T 0 + 60 s] but no candidates were found. The estimated number of background events expected in this time window is 7.8 × 10 −4 . We calculated an upper limit on the gamma-ray energy flux of 6.4 × 10 −6 erg cm −2 s −1 at 90% C.L. in the 10 -100 GeV energy region for the sky region covering 30% of the integrated LIGO probabilities (Figure 4 ). This upper limit corresponds to 6.2 × 10 50 erg s −1 assuming a luminosity distance of 880 Mpc. If we set a narrower time window as [T 0 − 1, T 0 + 1 s], the estimated number of background events is 1.2 × 10 −5 and the upper limit is 4.3 × 10 −4 erg cm −2 s −1 for the flux and 4.1 × 10 52 erg s − 1 for the luminosity (90% C.L.) assuming the same sky region.
We note that AGILE reported a weak (4.4σ) event lasting about 32 ms and occurring 0.46 ± 0.05 s before T 0 in the omnidirectional MCAL data in the 0.4 -100 MeV region (Veracchia et al. 2017a) , while other searches for high-energy emission yielded upper limits only.
GW170608
For the time period around the trigger time (T 0 ) corresponding to GW170608, CAL was running in the HE mode with an energy threshold of 10 GeV. Gamma-ray events have been searched for using the CAL data in the time window [T 0 − 60 s, T 0 + 60 s] but no candidates were found. Unfortunately, the sky coverage of CAL did not include the region of the localization (520 deg 2 ) determined with two interferometric detectors as shown in Figure 5 .
We note that Fermi-LAT reported a weak (3.5σ) excess around the LIGO location area in the [T 0 , T 0 + 1 ks] window in the energy region above 100 MeV (Omodei et al. 2017 ), but others reported only upper limits for high-energy emission for this GW event.
GW170814
For the time period around the trigger time (T 0 ) corresponding to GW170814, CAL was running in the HE mode with an energy threshold of 10 GeV. Gamma-ray events have been searched for using CAL data in the time window [T 0 − 60 s, T 0 + 60 s] but no candidates were found. Unfortunately, the sky coverage of CAL did not include the rather small region of the localization (60 deg 2 ) determined with three interferometric detectors, as shown in Figure 6 . We note that INTEGRAL/SPI-ACS reported a weak 3.5σ excess in the [T 0 − 1.5 s, T 0 + 8.5 s] window (Pozanenko et al. 2017) , but this was not confirmed by an independent analysis (Savchenko et al. 2017 ). Other reports gave only upper limits on highenergy emission for this GW event.
2.7. GW170817 1.7 s after the trigger due to the LIGO-Virgo event GW170817 (T 0 ), Fermi-GBM and INTEGRAL detected GRB 170817A with T 90 duration 2.0 ± 0.5 s (Abbott et al. 2017d) . For the time period around GW 170817, CAL was running in the HE mode with an energy threshold of 10 GeV. Gamma-ray events have been searched for using the CAL data in the time window [T 0 −60 s, T 0 +60 s] but no candidates were found. Unfortunately, the sky coverage of CAL did not include the rather small region of the localization (28 deg 2 ) determined with three interferometric detectors, as shown in Figure 7 . It is reported the gravitational wave signal started about 100 s before T 0 , but it was also out of the field-of-view of CAL during this period.
We have also searched for possible delayed signal from this merger event (Murase et al. 2018 ). In the two-month period (Aug. 17 -Oct. 16, 2017) after the event we had no gamma-ray candidate around the direction of its counterpart object (NGC 4993) (Abbott et al. 2017e) , and obtained 90% C.L. upper limits on the energy flux of 1.2 × 10 −10 erg cm −2 s −1 (4.0 × 10 −10 erg cm −2 s −1 ) for gamma rays above 1 GeV (10 GeV) using the LE-γ mode (the HE mode). This upper limit corresponds to 2.4 × 10 43 erg s −1 (8.0 × 10 43 erg s −1 ) assuming a luminosity distance of 40 Mpc.
FUTURE PROSPECTS
Identifying the electromagnetic counterpart of a gravitational-wave event would be a key discovery to constrain the origin of the event. The detection of multiwavelength radiation in association with GW170817 (Abbott et al. 2017e ) was a huge step to open a new window of astronomy. In particular the detection of a gamma-ray burst, GRB170817A, observed ∼ 1.7 s after GW170817 by Fermi-GBM and INTEGRAL (Abbott et al. 2017d ), provides new insight into the origin of short gamma-ray bursts. The association of GW170817 and GRB170817A can be interpreted as a merger of a neutron star-neutron star binary, which is hypothesized to be a possible origin of short gamma-ray bursts as discussed in section 1. However, GRB170817A, which is the closest short GRB ever observed, is 2 to 6 orders of magnitude less energetic than other bursts with known distances.
The underluminous nature of GRB 170817A may imply that the gamma-rays detected with Fermi-GBM are off-axis emission from a typical short GRB (Abbott et al. 2017c; Alexander et al. 2018; Ioka & Nakamura 2018; Lazzati et al. 2018; Margutti et al. 2017; Troja et al. 2017) . Although the (50 -300 keV)/(10 -50 keV) hardness ratio is small ("soft"), the spectral peak energy is close to the lower end of the typical value in spite of the off-axis observation (but see Kisaka et al. (2017) for example). The rising X-ray and radio afterglow lightcurves as far as ∼ 100 days (Mooley et al. 2017; Ruan et al. 2017) are also difficult to explain with an off-axis afterglow model with a simple top-hat jet (or they may suggest a structured jet). GRB 170817A may belong to another population of gamma-ray transient phenomena other than the short GRB as proposed by Bromberg et al. (2017) , Gottlieb et al. (2017) , Kasliwal al. (2017) , Murguia-Berthier et al. (2017) , and Asano & To (2018) . In such cases, the expected gamma-ray flux in the GeV range is not constrained by the previous short GRB observations.
The fluence of GRB 170817A in the keV-MeV energy band was observed to be (1.4 ± 0.3) × 10 −7 erg cm −2 (Abbott et al. 2017c) . Had the same level of fluence been present in the GeV energy band, it could have be detected by GeV gamma-ray detectors in operation at that time. However, Fermi-LAT was entering the South Atlantic Anomaly and was not collecting data until about 10 3 seconds after GRB 170817A (Fermi-LAT collaboration 2017), and AGILE started observation after about 10 3 seconds (Verrecchia et al. 2017b) . It was also out of the field-of-view of CALET as reported above. Thus unfortunately there is no limit in the GeV band around the trigger time of GW170817. Regarding sGRB events in general, some events have been observed to emit high-energy (> 100 MeV) gamma-rays (e.g., GRB 081024B, Abdo et al. (2010) ; and GRB 090510, Ackermann et al. (2010) ). Their fluence in the high-energy band could be comparable to that in the hard X-ray band (Abdo et al. 2010) . However, the fraction of GRBs showing high-energy emission observed to date is fairly low (Ackermann et al. 2013 ). This could be due to intrinsic properties associated with the gamma-ray emission mechanism, but another reason could be the limited field-of-view of GeV gamma-ray detectors (2 ∼ 3 sr). Figure 8 shows the sensitivity of CALET/CAL to obtain 1 event assuming an observation of 1, 10 and 100 s duration. The typical energy range of the on-axis gamma-ray emission from NS-NS mergers can be higher than that of the short GRB emission from GRB170817A. Although the effective area of CALET/CAL is smaller than that of Fermi-LAT, the fields-of-view of the two detectors are comparable. As the sensitivity of laser interferometers is expected to increase in coming years, the number of gamma-ray transients associated with GW events falling into the possible new population mentioned above will also increase. If their spectra extend to GeV energies, they could be easily detectable as shown in Figure 8 . Thus CALET/CAL could contribute to constrain the GeV emission from a nearby NS-NS merger simultaneously with a GW signal in the near future. Monitoring the GeV sky with CALET, with its mission scheduled to continue for three more years, may complement the coverage by other missions and may help to study unexplored high-energy emission from future transient events.
